Abstract.
Introduction
Coking volatile products are the carrier of all the vapor and gaseous materials formed during the coking process and then recovered and processed into chemical products. Some condensed aromatic compounds sublime and form deposits while moving on coking volatile products path, creating a certain pressure drop.
To eliminate the deposits a washing process of gas equipment is used, beginning with gas collecting main and primary coolers and ending with gas aqueous washing before the combustion for heating of coke oven batteries. Condensation of tar and water vapors from the coke oven gas has a tendency to reduce deposits formation or, to some extent, to dissolve crystals formed mainly from naphthalene.
Therefore, specially organized coke oven gas washing process is based on the most accessible mediumcoal tar or water. Coal tar has an advantage of its high solving ability of naphthalene, theoretical solubility of which in tar can be estimated by the equation of Schroeder-Le Chatelier [1] .
Tar condenses from coke oven gas twice: at a relatively high temperature of 348-368 К in gas collecting main and at low temperature of 298-313 К in primary gas coolers. This results in formation of two wash media having a certain degree of alternative properties. In the first case tar from collecting main has low naphthalene content ( ≈ 7 %), high dissolving ability toward naphthalene but increased viscosity. In the second case tar from primary coolers has alternative properties i.e. low viscosity and low dissolving ability toward naphthalene (naphthalene content ≈18 %).
One of the main problems of gas equipment washing consists in selecting the most suitable type of tar, or in the preparation of the required quality of the tars mixture. Characteristics of tars from collecting main and primary coolers was investigated at different times [2, 3] , and in our opinion, not so fully. It may be explained probably due to necessity of tars mixing, which favorably influences decantation of water and solids from the more viscous tar emulsion from collecting main. Different pyrolysis degree and various proportions between the condensation temperatures of tars in various plants leads to individual tars characteristics, which makes it difficult to classify them. In our opinion, it is necessary to obtain data on the rheological properties of the tars concerning to dissolving ability towards coke oven gas deposits. This data will allow forming a washing liquid (coal tar water emulsion) with optimum properties for effective naphthalene dissolution. Increasing the tar viscosity in washing process can lead to formation of a thick organic hydrocarbon layer on the surface of cooler's pipe, which reduces the heat transfer coefficient in the apparatus.
To control tar viscosity changes when dissolving non-substituted aromatic compounds forming deposits in liquid for gas space washing in the process of cooling and condensation of coking volatile products it is necessary: -to improve the existing empirical formulas of tar viscosity for predicting the rheological characteristics of liquids for gas apparatus washing; -to determine the optimal content of the most representative non-substituted aromatic compounds in the washing liquid affecting tar viscosity.
Experimental
As the object of study a high pyrolysis degree coal tar from primary cooler was selected, the density of which could be quite equal to value of tar from collecting main with low degree of pyrolysis. This type of coal tar is the most characteristic of liquid on which an emulsion for washing the gas space of the coke oven gas primary coolers is formed. The tar properties are shown in Table 1 .
The viscosity of the tar was measured in the temperature range of 313-353 К by rotary viscometer Brookfield DV2T with a thermocell at the shear rate of 186 s -1 . As the additives crystalline naphthalene and anthracene (chemically pure grade) were taken. Additives were introduced into a preheated tar to 343 К, stirred at laboratory homogenizer at minimum speed and kept to measured temperature.
The correlation coefficients (function "CORREL" in Excel format) were used to determine the relationship between empirical and obtained data groups.
In addition, the average relative deviation of the calculated values from experimental data was calculated by varying the coefficients a, b, c in the Vogel equation for the minimal value δ:
where η e -the experimentally obtained value of viscosity, cP; η t -the estimated value of viscosity, cP; n -number of experimental values. The correlation coefficient reflects the "type" of functional dependence, and the convergence of the results determined by the mean of relative deviation. Therefore, a double assessment of suitability of the calculated and experimental data was made. New models of temperature dependencies of viscosity at various additives can be considered adequate for the values of correlation coefficients above 0.95 and average relative deviation of not greater than 0.05, which is acceptable for engineering calculations of chemical and technological processes in the majority of cases.
Results and Discussion

Tar Viscosity with Additives
The results of measurement are shown in Tables 2 and 3 . It can be seen from the tables that as the temperature increases the viscosity of the tar without the addition begin to fall very quickly, and then more slowly, which is typical of coal tar and petroleum derived liquids. With naphthalene addition tar viscosity is reduced and the slope of the curve of viscosity temperature dependence at 323-333 К is less than without additives. This type of curves is characteristic for light oils and tars. The addition of anthracene, on the contrary, increases the viscosity of the system and the slope of the curves at 323-333 К with anthracene adding, which is characteristic for heavy oils and tars. It can be assumed that the cause of increased viscosity of the tar is the presence of condensed polynuclear aromatics.
The addition of naphthalene causes disaggregation of existing tar flow units, and anthracene, apparently regulates the structure. It is known that the temperature dependence of the viscosity is most pronounced at low temperatures, which involves the dissolution of organized molecular structures such as aggregates of large molecules [4] .
In this low-temperature region additives have the greatest impact on rheology. The tar contains large molecular aggregates that are responsible for increasing viscosity at low temperatures and expressed close relationship with temperature. The reduction in viscosity is a result of the gradual destruction of the structure of the system.
Vogel Equation Tar Viscosity Estimation
The abundance of the set of equations describing the dependence of viscosity on temperature shows a lack of consensus on the rheology of coal tar. Thus, the same system can be described by several formulas, and vice versa, different systems can be acceptably described by the same equation. Assessment of the temperature dependence of the viscosity obtained values can be done by empirical dependencies. One of the ways to predict the viscosity of the oils is Vogel formula [5] : Vogel equation is considered one of the most accurate for engineering calculations. The form of the equation is comparable to the well-known Antoine equation to calculate the vapor pressure. Vogel equation constants are determined experimentally, the constant "a" has the physical meaning of "original" viscosity of the system, which is a viscosity of the liquid at an infinitely high temperature. Constant " b " to some extent characterizes the rate of change of viscosity with respect to temperature.
The results of calculation of the coefficients for Vogel equation are presented in Tables 4-5 .
Fitting of the most "appropriate" values of a, b, c with additives increasing leads to distortion of physical sense of coefficients, since the best results with increasing naphthalene additive was obtained by antiphase change of a and b coefficients, at the same time the coefficients a and c changed in-phase. If we consider the results of coefficients fitting across one line, i.e. in-phase, the following trends are observed:
-for the coefficient a: as naphthalene additive increases the viscosity of the liquid at infinite temperature also increase;
-for the coefficient b: as naphthalene additive increases the temperature dependence reduces;
-for the coefficient c: as naphthalene additive increases apparent "pour point" also increase.
Walter Equation Tar Viscosity Estimation
The temperature dependence of the coal tar viscosity can be estimated by the Walter equation in logarithmic form [6] , which is included in the methodology for viscosity determining on ASTM D341: 
Cornelissen-Waterman Equation Tar Viscosity Estimation
Equation of Cornelissen-Waterman is used to assess, in particular, the rheological properties of coal tar pitch and coal tar [6] :
where A and B -constants of equation; η -viscosity, cP; T -temperature, K.
The results of fitting of the Cornelissen-Waterman equation constants for the obtained viscosity measurements are shown in Tables 8-9 .
With the anthracene addition of 15g/100g, coal tar precipitate was probably formed because the curve of Cornelissen-Waterman in this case only has a distinctive look, but does not adequately describe the experimental results obtained. 
Coefficients of Equations Evaluation and Activation Energy of Viscous Flow
Analysis of the mean relative deviation indicates that all received correlations on the basis of available empirical functions satisfactorily describe the experimental data in the absence of additives, or in the range of small additives values (Fig. 1) . With the growth of additives mass, accuracy of empirical relationships is reduced; the most applicable function in the presence of an additive is the Vogel equation while in the absence of additives -Cornelissen-Waterman equation. This data shows the effect of additives on the thermal behavior of the viscosity that differs from the empirical relationships. Thus, the addition input alters the established nature of the interaction of macromolecules and dispersed structures in coal tar.
In the case of anthracene additives anomaly of viscosity with decreasing temperature was observed, due to the formation of the spatial structural lattices of particles of an inner phase consisting of crystals, which entails, in this case, the impossibility of matching the coefficients of Vogel, Walter and Cornelissen-Waterman equations in the investigated temperature range. The addition of naphthalene, on the other hand, causes a decrease in viscosity due to dissolution and disaggregation of existing supramolecular structure of coal tar from primary cooler.
It is known that the constants K 2 in the modified Walter Equation and B in the Cornelissen-Waterman equations are the measure of the temperature dependence regardless to the liquid level of viscosity [6] .
Data analysis of the Tables 4, 6 , 8 showed that the obtained empirical constants of Walter (K 2 ) and Cornelissen-Waterman (B) equations were at minimal values in the range of naphthalene additives by 10-15 g/100g of tar. Perhaps it is due to the energy state of the system.
The energy states of complex chemical or physical systems are permissible to assess as their empirical (effective) values, or as the activation energy of viscous flow [7, 8] :
where E a -activation energy, J/mol; R -universal gas constant, J/mol·K; μ 1 -viscosity (cP) at temperature T 1 (K). Tables 10 and 11 show the results of calculation of the activation energy with the addition of naphthalene and anthracene.
The minimum of activation energy of viscous flow corresponds to the magnitude of the additive at which the unbundling and the dissolution of the existing structures take place. In such systems, the speed of movement of each particle is less dependent on the position and speed of other particles. The increase in the value of E a means transformation in a more structured system state.
According to Table 10 less structured systems correspond to the naphthalene additive of 15 g/100g of tar during the system transition from 333 to 343 К. In our opinion, activation energy minimum, coinciding with a decline of degree of the temperature dependence of the tar viscosity (constants K 2 and B), is associated with the optimal amount of naphthalene contributed to the dissolution of the structural units of flow. Further increase of the additive causes the formation of new localized spatial structures involving addition of naphthalene, although the viscosity of the system at the same time continues to drop with increasing the amount of the dispersion phase. The practical importance for primary cooler washing process has E a minimums in the temperature range of 313-333 К with the addition of naphthalene 15 g/100 g of tar. A small addition of anthracene in the 323-333 К range corresponds to the formation of a structured system; the lowest activation energy of viscous flow occurs at the temperature transition from 343 to 353К, which can only take place when the tar was heated just before primary cooler washing.
Conclusions
Cooling and condensation of coking volatile products superposes with coal tar washing of apparatus gas space, and as increasing and lowering of the tar viscosity take place due to the dissolution of nonsubstituted aromatic compounds. For the most representative compounds -naphthalene and anthracenecoefficients of Vogel equation were adapted, that adequately described the temperature dependence of the viscosity in the range of 313-353 K and additives mass up to 20 g/100g of coal tar. The empirical equations of Walter and Cornelissen-Waterman in the same range may be used for qualitative assessment. Thus, the constant K 2 and B have a minimum value with the addition of naphthalene in the amount of 10-15 g/100g of coal tar.
Based on the assessment of the energy state of the system it was found that a decrease in the activation energy of viscous flow took place in the temperature range of 333-343 K with the addition of naphthalene 15 g/100 g of coal tar. The tar with the naphthalene additive has improved flow properties with destroyed structured units and increased volume of the dispersion phase. These conditions are maintained in the upper sections of the primary gas cooler, and temperature interval corresponds to the point of condensation of almost full amount of tar.
Quantitative relationship of tar lowering viscosity when dissolving naphthalene was estimated, that may be used, for example, to increase fluidity of more viscous tar from gas collecting relative to the tar pyrolysis degree. Dissolving tar deposits with a high content of anthracene worsens the rheological properties of the tar and makes the washing cooler gas space inefficient.
When cooling coking volatile products below the temperature range of 333-343 K tar condensation is complete, and at further lowering of the temperature the dependence of the viscosity on the amount of dissolving the additive increases.
High temperature washing tar heating and higher content of naphthalene contribute to anthracene formations elimination from the washing liquid.
